Part of the replication origin-containing A+T-rich region of the Prosophila yakuba mtDNA molecule and segments on either side of this region have been sequenced, and the genes within them identified. The data confirm that the small and large rRNA genes lie in tandem adjacent to that side of the A+T-rich region which is replicated first, and establish that a tRNA vaT gene lies between the two rRNA genes and that URF1 follows the large rRNA gene. The data further establish that the genes for tRNA 11e , tRNA glrt , tRNA'" met and URF2 lie in the order given, on the opposite side of the A+T-rich region to the rRNA genes and, except for tRNA 9 , are contained in the opposite strand to the rRNA, tRNA val and URF1 genes. This is in contrast to mammalian mtDNAs where all of these genes are located on the side of the replication origin which is replicated last, within the order tRNA p ,, small .(12S) rRNA, tRNA val , large (16S) rRNA, tRNA Teu , URF1, tRNA lTe , tRNA gll \ tRNA f " met and URF2, and, except tRNA gln , are all contained in the same (H) strand. In Jh yakuba URF1 and URF2, the triplet AGA appears to specify an amino acid, which is again different from the situation found in mammalian mtDNAs, where AGA is used only as a rare termination codon.
INTRODUCTION
The mitochondrial DNA (mtDNA) molecules of all metazoa examined to date, which range from nematode worms to humans, are in the form of circular duplexes which show species specific variation in size within the range 14.5 to 19.5 kb (1). Recently, sequencing of the entire mitochondrial genome of human, bovine and mouse has been completed and much of the gene content of these DNAs has been determined (2-5). In each of these species, all of the mtDNA molecules of an individual are identical, and each mtDNA contains the genes for the two rRNAs and 22 tRNAs of the mitochondrion's distinct protein synthesizing system, and five known polypeptides (3 subunits of cytochrome c oxidase, ATPase subunit 6, and cytochrome b). In addition, there are eight presently unidentified open reading frames (URF) which are presumed also to be genes for polypeptides.
In mtDNA of human, bovine, and mouse, the gene order is essentially ) IRL Press Limited, Oxford, England.identical. One strand (H) of the molecule contains all genes except eight tRNAs and URF6, and there are very few nucleotides separating individual genes (2, (5) (6) (7) . In many cases tRNA genes, which are found singly or in clusters of two to five, punctuate genes for rRNAs and polypeptides and appear to play a role as processing sites for long transcripts of entire strands of the ratDNA molecule (8, 9) . Some modifications of the standard genetic code are found in mammalian mtDNA (5, 10, 11) . Also, it appears that the 22 tRNAs specified by mammalian mtDNA are sufficient to permit translation of all the polypeptides and presumptive polypeptides encoded by mtDNA (10, 11) .
The replication origin of mammalian mtDNA molecules lies within a sequence delimited by the genes for tRNA pr0 and tRNA phe . This region, for which transcripts are absent or rare, varies substantially in length between species (2, 5, 12, 13) . Although the remaining regions of mammalian mtDNA molecules show high levels of homology between species, only limited segments of homology are found between these mtDNAs in the replication origin-containing regions (3, 14) .
Much less is known concerning mtDNA from metazoa other than mammals. In mtDNA of the amphibian Xenopus laevis, the relative locations of the rRNA genes, tRNA genes, replication origin, and templates for a number of polyadenylated RNA transcripts are similar to those found in mammalian mtDNA (15, 16) . Among invertebrates, Drosophila mtDNA has been the most studied. Again it is known that the rRNA genes and the origin of replication occupy similar relative positions to those found among the vertebrate mtDNAs (17) (18) (19) (20) and some transcripts have been mapped on the mtDNA molecules (21, 22) . In Drosophila mtDNA the replication origin lies within a region which is approximately 95% adenine and thymine (A+T) (18, 19, 23) and these A+T-rich regions vary in size from 1.0 kb to 5.1 kb in mtDNA molecules of different species (17, 24, 25) . Further, it has been shown that extensive sequence divergence has occurred in these A+T-rich regions both within as well as between species (26,27) and they do not appear to be transcribed (21, 22) . In all netazoan mtDNAs, replication is unidirectional around the molecule. In Drosophila mtDNA, however, replication relative to the rRNA genes is in the opposite direction to that found in vertebrate mtDNAs (19, 20) .
In this report we present the nucleotide sequences of selected portions of the mtDNA molecule of Drosophila yakuba and our analysis of the genes found within them. Our data indicate a number of differences between Drosophila and mammalian mtDNAs, including a difference in gene order.
MATERIAL AND METHODS
Stocks of J). yakuba I.C. (2371.6, Ivory Coast), JJ. virilis (2375. 8, Chile) and JJ_. melanogaster, (Oregon R-Utah) used in the present experiments were the same as those used previously (19, 20, (25) (26) (27) 28. Analytical and preparative electrophoreses of restricted DNAs were carried out as described in ref. 29 .
EcoRI and Hindi 11 fragments of JJ. yakuba mtDNA were cloned into pBR325 (30) and pBR322 (31) respectively, using as host _E. coli K12, HB1O1. Inserts of _D. yakuba mtDNA in plasmids were identified by gel electrophoresis of restriction enzyme digests of presumptive hybrid DNAs, and in the case of inserts of A+T-rich region-containing fragments, by electron microscope denaturation mapping (26) . Cloned EcoRI or Hindi 11 fragments of D_. yakuba mtDNA, or subfragments produced by further restriction enzyme digestions, were recloned into M13mp2, M13mp8 or M13mp9 (32) (33) (34) . The EcoRI-D fragments of J). virilis and _D_. melanogaster were cloned from EcoRI digests of mtDNAs directly into M13mp2.
Preparation and selection of viral-Drosophila recombinant DNA molecules, growth of the bacteriophage and purification of single-and double-stranded bacteriophage DNA were as described (34) (35) (36) .
All DNA sequences were obtained by the extension, dideoxyribonucleotide termination procedure of Sanger et al. (36, 37) using [a-3Z P]dATP (800 Ci/mM; New England Nuclear) and either a 26 nucleotide pair primer (38) or a single stranded pentadecamer primer (35) . Reagents used in sequencing reactions were obtained from Bethesda Research Laboratories, P-L Biochemicals, or New England
Biolabs. The reaction products were separated on 0.4 mm x 33 cm, 8%
acrylamide gels (39) at 34 watts (approximately 1.5KV and 35mA). Following electrophoresis, gels were exposed to NS-5T no screen X-ray film (Kodak) at -20°C for 6 to 96 hours.
The strategy used to determine the nucleotide sequences of various segments of the 0_. yakuba mtDNA molecules is given in Fig. 1 . Genes within segments of D_. yakuba mtDNA outside the A+T-rich region were identified by comparing both nucleotide and predicted amino acid sequences with the corresponding sequences of previously identified genes of mouse mtDNA (5).
Nucleotide sequences were analysed using the SEQ Program (40) and amino acid sequences were analysed using the TYPIN and SEARCH programs (41, 42) in a Digital Equipment Corporation 20/60 computer.
RESULTS
Nucleotide sequences within and to the left of the A+T-rich region. In order to gain further information on the structure of the A+T-rich region, and to elucidate which genes are contained in the region of the mtDNA molecule lying adjacent to the left end of the A+T-rich region, we determined the nucleotide sequence of a portion of the JJ. yakuba mtDNA molecule identified as segment I in Fig. 1 .
The nucleotide sequence of the entire segment I is given in Fig. 2 .
Within this sequence are three regions which have the potential to fold into the characteristic cloverleaf secondary structure of tRNAs with anticodons indicating them to be the genes for tRNA i1e , tRNA gln , and tRNA f " met ( 
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n in iv Figure 3 . The genes for tRNA i1e , tRNA^1", tRNA f " met , and tRNA va1 , of J). yakuba mtDNA shown in the presumed characteristic secondary structures of the corresponding tRNAs.
We have mapped the origin of replication within the A+T-rich region of D_. yakuba mtDNA at approximately 250 to 450 nucleotides from its left boundary (19) . The G+C content of this section of the A+T-rich region in our sequence (nucleotides 662-824, Fig. 2 ) is 14.1% compared to a G+C content of 7.6% for the remainder of the A+T-rich region to the left (nucleotides 412-661, Fig. 2 ). However, within the A+T-rich region, sequences homologous to sequences close to or associated with the origin of replication in mammalian mtDNA (14, 43, 44) have not been found. At least seven termination codons (TAA and TAG, common to mammalian mtDNAs; 3,5,10) were found in each of the six possible reading frames of the two complementary strands of the A+T-rich region, and their spacing would prevent uninterrupted reading of a maximum of 117 nucleotides (Fig. 2) .
In mammalian mtDNAs very few nucleotides occur between genes. With the exception of the 31 or 32 nucleotide sequence between the tRNA asn and tRNA cys genes, which contains the L strand origin of replication, the largest number of nucleotides found between any two tRNA genes is the seven nucleotides which separate the tRNA tr P and tRNA a1a genes of human mtDNA. (Fig. 2) . Further, the sequence 3'TTTATTAT occurs in the 31 nucleotide sequence separating the tRNA gln and tRNA 11e genes.
The data presented above indicate that the genes for tRNA ile , tRNA 9in , tRNA f " met , and URF2 of JL yakuba mtDNA lie on the opposite side of the replication origin to the previously deduced locations of the rRNA genes (17, 26) . This contrasts with the situation found in mammalian mtDNAs where all of these genes lie on the same side of the replication origin (that replicated last), within the order tRNA phe , small (12S) rRNA, tRNA va1 , large (16S) rRNA, tRNA^, URF-1, tRNA i1e , tRNA g1n , tRNA fmet , and URF2 (2, 3, 5) .
Nucleotide sequences to the right of the A+T-rich region. In order to confirm the position of the rRNA genes within the _D_. yakuba mtDNA molecule and to gain information on gene order on that side of the replication origin in which the rRNA genes are presumed to be located, (the right side, Fig. 1 ) we sequenced the various segments of the mtDNA molecule identified as II, III, IV and V in Fig. 1 .
Segment II maps in a region of the D_. yakuba mtDNA molecule expected to contain the junction of the two rRNA genes (Fig. 1 ). This segment (Fig. 4) was found to include a sequence with primary structure and potential secondary structure (Fig. 3) (Fig.4) . A similar hairpin structure is also found at the 3' end of the small rRNAs from mammalian and plant mitochondria and the small rRNAs of _E. col i, Zea mays chloroplasts, Bombyx mori and rat cytoplasm (see 7, 47 for references). Differences to mouse mtDNA sequences are shown in parentheses. Asterisks indicate homologous nucleotides in^. coli 16S rRNA. The large arrow indicates the only difference in sequence found between the 3' terminal 20 nucleotides and the 3' terminal 20 nucleotides of the small mitochondrial rRNA of mosquito (48) . In _£. coli 16S rRNA and Zea mays chloroplasts 16S rRNA only, an mRNA binding site is found 3 1 to the hairpin structure (see 7) .
except that a single sequence of 47 nucleotides located in this region of mouse mtDNA is absent from the d. yakuba sequence (Fig. 4) . This region of the _D. yakuba mtDNA molecule includes three sequences of 8, 18, and 47 nucleotides which are highly homologous to sequences found in the same relative order in the small rRNA gene of mouse and human mtDNA, and J^. coli DNA (Fig. 4) . The sequence of 47 nucleotides immediately to the left of the Fig 1) ). These sequences are shown aligned with the JD. yakuba sequence in Fig. 7. In Fig. 8 one of the two triplets, each ATT (isoleucine), which occur four to six triplets 5' and 3', respectively, away from the ATT triplet which corresponds to the initator codon of mouse mtDNA. The unusual number of nucleotide substitutions which occurs among the Drosophila sequences in the region between these two ATT triplets suggests that this region may be devoid of genetic function, and it seems more likely that the triplet furthest 3' acts as the initator codon for URF1.
In mammalian mtDNAs the gene for tRNAy^ terminates either three nucleotides (human and bovine; 2,3) or ten nucleotides (mouse; 5) 5' to the URF1 initiator codon. In the nucleotide sequence 5' to the region expected to . 6 and ref. 5) . Dots denote conserved amino acids. Amino acid sequences predicted from nucleotide sequences and expected to include the amino termini of URF1 are also shown for _D. melanogaster, J). yirilis (Fig. 7) , human, and bovine mtDNA (2,3). The asterisks indicate the amino terminal amino acid given previously for mouse (5), human (2), and bovine (3). The crosses indicate the last nucleotide of the tRNAn^ gene of mouse mtDNA, and the second nucleotide following the last nucleotide of the tRNA^jj gene of human and bovine mtDNAs. Box a_ indicates the amino acid in each of the Drosophila mtDNAs corresponding to the assumed amino terminal isoleucine in mouse mtDNA. Box b_ and box c_ indicate the closest isoleucine or methionine common to all "Drosophila mtDNAs, before, and following, respectively, the amino termini of URF1 of the three mammalian mtDNAs. The wide vertical arrows indicate the positions of two amino acids, tentatively identified as arginine, which are specified by AGA.
contain the initiator codon of URF1 of 0. yakuba mtDNA (Fig. 7.) , secondary structures which could indicate the presence of a tRNAj^ gene have not been found.
In the three Drosophila sequences which lie 3 1 to the region expected to contain the initiator codon of URF1 there are two nucleotide substitutions between the J). yakuba and _D. melanogaster sequences, and eight nucleotide substitutions between the d_. yakuba and J). viril is sequence. All but one of these substitutions are in the third position of a codon. The one exception is a second position change which would result in a serine/asparagine difference between the corresponding URF1 polypeptides from JJ. yakuba and JL viril is.
The data obtained from sequence analysis of segments 11-V confirm the relative locations of the rRNA genes of 0_. yakuba mtDNA deduced previously (Fig. 1) and establish that a tRNA va1 gene lies between the two rRNA genes, that URF1 follows the large rRNA gene and that all four of these genes are transcribed in the same direction, away from the A+T-rich region. The structure of tRNA genes. The four J). yakuba tRNA genes we have sequenced (Fig. 3) show many of the standard features of tRNAs found in both procaryotes and eucaryotes (2, 3, 5) . All of these _D. yakuba genes fold into the characteristic cloverleaf secondary structure which has a 7 nucleotide pair amino-acyl stem, a 5 nucleotide pair anticodon stem, an anticodon loop of 7 nudeotides, a dihydrouridine arm with a stem 3 to 4 nucleotide pairs and a loop of 5 to 8 nucleotides, a variable loop of 4 to 5 nucleotides, and a T^C arm with a stem of 4 to 5 nucleotide pairs and a loop of 4 to 7 nucleotides.
As has been found for mammalian mitochondrial tRNAs, the Drosophila tRNAs predicted from the gene sequences lack several of the constant features found in non-organel le tRNAs. The 3' terminal trinucleotide CCA is absent, indicating that if it is present in mature tRNAs it must (as in mammalian mitochondria) be added post-transcriptional ly. The dihydrouridine loop lacks the Gjg-G^g sequence (numbering system given for yeast cytoplasmic tRNAP , 55) , though G^g appears to be conserved in tRNA^1 1 (which is one of the three tRNAs of mouse mtDNA in which the Gjg-G^g sequence is found; (5)) and Gjg All four 0_. yakuba tRNAs have a T and a purine immediately 5' and 3'
respectively to the anticodon, features noted to be constant for mammalian tRNAs (3). However, while the mammalian tRNA^" met genes are unique in having a C adjacent to the anticodon on the 5' side, inJD. yakuba this position is also occupied by a T. Detailed comparisons of corresponding mitochondrial tRNA genes of Drosophila and mammals will be presented elsewhere.
DISCUSSION
The results of the sequence analyses described above confirm that the small and large mitochondrial rRNA genes of the £. yakuba mtDNA molecule lie in tandem adjacent to that side of the replication origin-containing A+T-rich region which is replicated first, and establish that a gene for tRNA val lies between the two rRNA genes, and that URF1 follows the large rRNA gene. Our data further establish that the genes for tRNA ile , tRNA g1n , and tRNA f ' met and URF2 occur, in the order given, on the opposite side of the A+T-rich region to the rRNA genes, that side which is replicated last (Fig. 9 ). This arrangement differs from that found in mouse, human, and bovine mtDNAs where all of these Reading of the sequences of J). yakuba URF1 and URF2 which have been determined is dependent in both cases upon the assumption that both TGA and AGA specify amino acids. In the genetic code of mammalian and fungal mitochondria (5,10,57,58), but possibly not plant mitochondria (59), TGA specifies tryptophan rather than termination as in the standard genetic code. However, while AGA specifies arginine (as in the standard genetic code) in yeast mitochondria (57), this triplet is used only as a rare termination codon in human and bovine mtDNAs (2). In mouse, AGA is not used at all (5). In mammalian mtDNAs, CGN codons specify arginine. CGT is found in the JK yakuba URF1 sequence at two different positions which both correspond to codons (CGC and CGA) interpreted to specify arginine in the mouse URF1 (5) . The open reading frames of URF1 and URF2 of the J^. yakuba sequences contain two and one AGA triplets respectively, at positions corresponding in mouse mtDNA to triplets specifying leucine and serine in URF1 (Fig. 8) and isoleucine in URF2 (Fig. 2) . In view of this latter observation, it seems reasonable at the present time to assume that, as in the standard genetic code, AGA specifies arginine in the Drosophila mitocnondrial genetic code. The use of AGA to specify an amino acid requires the presence within the Drosophila mitochondrion of a tRNA (presumably with the anticodon UCU, as in yeast (57)) to decode it.
In comparisons of URF1 and URF2 of JJ. yakuba and mouse, nucleotide sequence homologies (57% and 49% respectively) are greater than amino acid sequence homologies (48% and 39% respectively). In comparisons of corresponding genes from mouse and human (5) nucleotide sequence homologies were also greater than amino acid sequence homologies in all URFs except URF1, and these were the genes with homologies of both nucleotide and amino acid sequences below 71%. In comparisons of corresponding genes of human and bovine mtDNAs (3), nucleotide homologies were again greater than amino acid homologies for genes (URFs) with both nucleotide and amino acid sequence homologies of less than 71%.
Of the nucleotide substitutions which have occurred between the portions of URF1 and URF2 of J). yakuba we have sequenced and the corresponding mouse mtDNAs, 45% in each gene fail to result in an amino acid substitution. As the ancestral lines of these organisms separated approximately 600 x 10 years ago (60) these high frequencies of conservative nucleotide substitutions between URF genes constitute further evidence to that presented previously (2,3,5) that the URFs of mtDNA do indeed encode functional polypeptides.
